Abstract Post-translational modifications play a key role in tau protein aggregation and related neurodegeneration. Because hyperphosphorylation alone does not necessarily cause tau aggregation, other post-translational modifications have been recently explored. Tau acetylation promotes aggregation and inhibits tau's ability to stabilize microtubules. Recent studies have shown co-localization of acetylated and phosphorylated tau in AD and some 4R tauopathies. We developed a novel monoclonal antibody against acetylated tau at lysine residue 274, which recognizes both 3R and 4R tau, and used immunohistochemistry and immunofluorescence to probe 22 cases, including AD and another eight familial or sporadic tauopathies. Acetylated tau was identified in all tauopathies except argyrophilic grain disease (AGD). AGD is an age-associated, common but atypical 4R tauopathy, not always associated with clinical progression. Pathologically, AGD is characterized by neuropil grains, preneurofibrillary tangles, and oligodendroglial coiled bodies, all recognized by phospho-tau antibodies. The lack of acetylated tau in these inclusions suggests that AGD represents a distinctive tauopathy. Our data converge with previous findings to raise the hypothesis that AGD could play a protective role against the spread of AD-related tau pathology. Tau acetylation as a key modification for the propagation tau toxicity deserves further investigation.
Introduction
Tau proteins are expressed primarily in the central nervous system and help to promote microtubule (MT) stability and neuronal survival. Six tau isoforms exist, ranging in size L. Gan and W. W. Seeley contributed equally.
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Specific neurodegenerative disorders such as Alzheimer's disease (AD), Pick's disease, corticobasal degeneration, progressive supranuclear palsy and chronic traumatic encephalopathy are classified as tauopathies due to abnormal neuronal and glial tau aggregations [15] . These aggregates are generally considered to be toxic. In AD, for instance, the progression of tau neurofibrillary cytoskeletal changes, rather than the b-amyloid burden, is associated with increasing clinical severity [3, 11, 14] . While AD is associated with both 3R-and 4R-tau pathology, most tauopathies have primarily 4R-tau inclusions; Pick's disease remains the one tauopathy associated with predominantly 3R-tau inclusions [7] .
Post-translational tau modifications may be one mechanism underlying tau aggregation [2] , and tau hyperphosphorylation at multiple serine and threonine residues has been identified as the most consistent change across the tauopathies, including AD [19] . Nevertheless, it remains uncertain whether tau hyperphosphorylation alone is enough to produce disease because tau hyperphosphorylation is not always accompanied by abnormal tau aggregation [6, 27] . Recently, tau acetylation has been proposed as a mechanism that contributes to tau aggregation and accumulation in tauopathies. Using acetylated tau-specific antibodies, we have shown that tau acetylation is elevated in human AD brain specimens and in rodent AD model systems [29] . Under cell-free conditions, tau acetylation promotes aggregation and inhibits tau's ability to stabilize microtubules [10] . Tau acetylation could further contribute to tau accumulation via inhibiting tau polyubiquitination and degradation [29] . Neuropathologically, acetylated tau has been detected in the inclusions and tangles in AD and in the 4R tauopathies corticobasal degeneration and progressive supranuclear palsy using a polyclonal antibody that recognizes only acetylated 4R-tau isoforms [22] . Still, it remains unknown whether tau acetylation occurs across the full spectrum of 3R and 4R tauopathies or whether acetylation at other lysine residues occurs in pathological tau inclusions.
We developed a novel monoclonal antibody specific for acetylated-tau at lysine residue 274, which, along with other positively charged lysine residues in the microtubulebinding domain, was shown to be involved in tau MTbinding [18] . This antibody recognizes both 3R and 4R tau, allowing us to examine tauopathies involving either isoform. To characterize acetylation at lysine residue 274 in human tissue from patients with AD and other tauopathies, we optimized this antibody for immunohistochemistry and double-label immunofluorescence. Here, we show that tau acetylation at lysine residue 274 characterizes all major human tauopathies except for the 4R tauopathy, argyrophilic grain disease (AGD).
Methods

Case selection and neuropathological methods
Cases were selected from the Neurodegenerative Disease Brain Bank (NDBB) at the University of California, San Francisco (UCSF). The NDBB receives brain and spinal cord donations from patients enrolled in UCSF Memory and Aging Center longitudinal clinical research programs. The fresh brains were dissected into *1 cm coronal slabs, which were alternately fixed (in 10 % neutral buffered formalin for 72 h) or rapidly frozen, providing tissues preserved with both methods bilaterally for every cut surface. A secondary diagnostic dissection (24 regions) was used to capture dementia-related structures. Blocks were embedded in paraffin wax, cut into 8-lm-thick sections, and stained with chemical stains and immunohistochemistry to facilitate diagnosis. Cases were selected by taking into consideration the neuropathological diagnosis only. We selected two cases (when available) of each available tauopathy, starting with the most recent case. The third AD case was fixed in formalin for 3 weeks and was used for antibody optimization. We selected all AGD cases available in the NDBB, provided that they lacked a comorbid moderate or severe tauopathy that would confound interpretation of the findings.
Monoclonal antibody generation and characterization
Rabbit monoclonal antibodies against acetylated tau were generated by Epiotomics (Mountain View, CA, USA). Synthetic tau peptide that contains ac-K274 was used to immunize three rabbits. After splenectomy and hybridoma fusion, we screened the supernatants of dozens of clones for the specificity against ac-K274 using Western blot analyses. Briefly, HEK293T cells were co-transfected with expression plasmid encoding p300 (pcDNA3.1-p300) with that encoding human tau (pcDNA3-hTau) or hTauK274R (pcDNA3-hTauK274R). Hybridoma clone MAb 359 was selected since its supernatant specifically recognized hTau acetylated at K274 by p300. No immunoreactivity was observed in cells transfected with hTau alone or co-transfected with hTauK274R and p300.
Antibody optimization for immunohistochemistry
We conducted a series of assays to optimize MAb 359 immunoperoxidase and immunofluorescence protocols for human postmortem brain tissue. Different primary antibody concentrations, antigen retrieval methods, incubation times and detection methods were tested. For these experiments we made use of serial sections of AD and control tissue from inferior temporal cortex. Furthermore, to test MAb 359 specificity against acetylated tau at position 274, an antigen competition experiment was performed. MAb 359 was preincubated with the acetylated-tau peptide used as the immunogen for antibody generation. An immunohistochemistry experiment was run in duplicate. In the primary antibody step, one slide had MAb 359 pre-incubated with acetylated tau peptide and the other slide had antibody (MAb 359) not pre-incubated with peptide. All other parameters of the experiment remained constant. We tested tissues fixed in formalin for either 72 h or for extended periods (i.e. long-term fixation). In each reaction, we included slides in which the primary antibody was replaced by saline buffer as negative controls. Comparable immunoperoxidase results could be achieved on both short and long fixed tissue, although we noted weaker immunofluorescent signal in tissue fixed for over 72 h.
Immunohistochemistry
In Experiment #1, materials from patients with all available tauopathies and AD (Table 1) were submitted to the protocol described below, in a single run. In Experiment #2, seven additional cases with AGD were selected and submitted to the same protocol, including three in which AGD was widespread and considered the primary diagnosis and four with a primary diagnosis of frontotemporal lobar degeneration with TDP-43 immunoreactive inclusions (FTLD-TDP) who had comorbid AGD. In Experiment #3, all 21 short-fixed cases were again submitted to immunofluorescence using the same protocol.
All immunohistochemical studies were performed on 8-lm-thick sections cut from paraffin blocks and mounted on glass slides. Hippocampus and inferior temporal gyrus were examined in all patients, and we added midbrain for PSP and middle frontal gyrus in widespread AGD. For each case, we stained three slides: (1) immunoperoxidase against phospho-tau (CP-13, gift of Peter Davies, NY); (2) immunoperoxidase against MAb 359; and (3) double-label immunofluorescence against CP-13 and MAb 359. CP-13 is a monoclonal antibody against phosphorylated tau, pS202/T205, which recognizes phosphorylated 3R-and 4R-tau. All tauopathies show CP-13-positive inclusions. For both antibodies, immunoperoxidase staining was performed using an avidin-biotin complex detection system (Vectastain ABC kit; Vector Laboratories, Burlingame, CA) with 3,3 diaminobenzidine as the chromogen. Slides were pretreated for antigen retrieval by immersion in citrate pH 6.0 in an autoclave at 121°C for 5 min. The primary antibodies, CP-13 (1:250) and MAb 359 (1:250) were incubated overnight at 4°C and species-specific biotinylated secondary antibodies were incubated for 1 h at room temperature. Sections were submitted to immunohistochemistry for MAb359 in a single batch and were overexposed to DAB to ensure that all tau pathology, especially that seen in AGD, would be detected if acetylated. This approach resulted in a higher than usual background but increased confidence in our negative AGD findings without affecting the interpretability of the results.
For double-label immunofluorescence, after antigen retrieval in the autoclave, the sections were treated to block autofluorescence using a 0.1 % Sudan Black solution. Both 
Results
Monoclonal antibody MAb 359 is highly specific against tau acetylated at lysine 274 A monoclonal antibody was generated with a synthetic tau peptide spanning amino acids 264-287 in the microtubulebinding domain. The synthetic peptide contains acetylated lysines at positions 274, which was identified to be acetylated in our previous studies [29] (Fig. 1a) . After screening supernatants from hybridoma clones and subclones, MAb Arrowheads and arrows show neuritic plaques and neurofibrillary tangles, respectively. e-h White matter tauopathy with globular glial inclusions (case 22). g-h show the white matter of case 22 at high magnification. Note that the glial globular inclusions are positive for phospho-tau and acetylated tau. i-l Atypical 4R tauopathy (case 7), and m-p chronic traumatic encephalopathy (case 8). In both cases, the tau inclusions are phosphorylated and acetylated. Scale bars 1 mm in a, b, e, f, i, j, m, n and 100 lm in c, d, g, h, k, l, o, p c 359 was identified as a highly specific monoclonal antibody recognizing acetylated lysine at position 274. In HEK293 cells transfected with tau, expression of acetyltransferase p300 markedly elevated a signal detected with MAb 359 with modest increase of total tau detected with Tau 5 antibody, suggesting that MAb 359 selectively recognized p300-induced acetylated tau. Alternative splicing of exon 10 of the tau gene results in the presence or absence of the second microtubule-binding repeat (R2), resulting in 4R or 3R tau [17] . MAb 359 recognized acetylation of both 4R and 3R tau because lysine 274 is located in the first microtubule-binding repeat (R1) (Fig. 1b) . To confirm the specificity of MAb 359 for lysine 274, we transfected tau with lysine 274 mutated to arginine (K274R) in HEK293 cells. Mutation of lysine 274 completely abolished the signal detected with MAb 359 in the presence of p300 (Fig. 1c) . As shown in online resource 1, the reaction using the pre-incubated antibody resulted in a completely negative reaction, whereas the non-preincubated reaction was positive, strongly supporting that MAb 359 detects acetylated-tau specifically in immunohistochemical analyses. These results suggest that MAb 359 specifically recognizes tau protein with acetylated lysine 274.
All tauopathies except argyrophilic grain disease show tau acetylation at position 274
Inclusions found in all human tauopathies except AGD stained positively with CP-13 and MAb 359 antibodies (Figs. 2, 3, 4) . Specifically, MAb 359 immunoreactivity was absent in CP-13-positive grains, pre-neurofibrillary tangles and coiled bodies in all nine AGD cases (Figs. 5,  6 ). However, AD-related neurofibrillary tangles were MAb 359-positive in the same AGD cases (Figs. 5d, 6g-i) . MAb 359 positivity was found across all cell types staining positively with CP-13, such as neurons, astroglia and oligodendrocytes. Tau-positive Pick bodies and Pick's disease glial cytoplasmic inclusions were acetylated ( Fig. 2i-l ; online resource 2). AD neuritic plaques also showed positivity for MAb 359 (Figs. 2c, 4a) . Although some gray and white matter threads contained acetylated tau positive for MAb 359, most threads were only positive for CP-13 ( Fig. 2; online resource 3) . The results were consistent across all experimental runs.
Tau acetylation proved similar in widespread and limbic AGD Widespread AGD represents a rare condition and has been proposed as a different entity than limbic AGD. However, we found no differences concerning acetylation between three widespread and six limbic AGD cases.
Western blot analyses
Robust ac-K27 bands were observed in lysates from AD, Pick's disease, FTDP-17, CBD, and white matter tauopathies brains. In contrast, trace to no signal was observed in brain lysates from AGD and other tauopathies (Fig. 7) .
Discussion
This study produced two major findings using a newly developed monoclonal antibody specific for tau acetylated at lysine 274. First, tau acetylation is present in AD and seven subtypes of FTLD-tau but not in AGD, a common but atypical 4R tauopathy not always associated with clinical progression. Second, tau acetylation is present in Pick's disease, white matter tauopathy with globular glial inclusions (WMT-GGI), also known as globular glial tauopathy [1, 25] , chronic traumatic encephalopathy, and unclassifiable 4-R tauopathies, expanding the diversity of tauopathies in which tau acetylation has been demonstrated.
Because tau hyperphosphorylation alone does not necessarily cause tau aggregation or cellular dysfunction [6, 27] , recent research has begun to investigate other posttranslational modifications. Tau acetylation at lysine residues has been demonstrated to enhance the deleterious effects of phosphorylation and is increased in AD and other tauopathies [10, 29] .
In the only human neuropathological reports to date, Irwin et al. [22] and Cohen et al. [10] , from the same group at the University of Pennsylvania, characterized tau acetylation at position 280 in tauopathies using immunohistochemistry. This residue is located in the second tau microtubule-binding repeat; therefore, the antibody only recognizes 4R-tau isoforms. These authors found that acetylated tau inclusions displayed a similar distribution and pathological burden to hyperphosphorylated tau in all pathological tau inclusions except neuropil threads, which showed stronger evidence of phosphorylation than acetylation. Our findings align with these reports for all diseases examined in common across studies except for AGD and add additional 3-R and 4-R tauopathies to the list of entities showing pathological tau acetylation.
Using immunohistochemistry, we identified AGD as the lone tauopathy in which tau acetylation at K274 is absent. These findings were confirmed in three experiments and proved independent of disease stage. Our findings differ from those of Cohen et al. [10] , who reported ac-tau immunoreactivity in AGD; the data provided leave some uncertainty, however, regarding whether the tau acetylation observed at position 280 represented characteristic AGD pathologies or comorbid AD. Using Western blot analyses, we observed little to no ac-K274 signal in brain lysates from AGD cases. In contrast, strong signals were observed in lysates from AD, Pick's disease, FTDP-17, CBD, and white matter tauopathy brains lysates, in agreement with the abundance of ac-tau inclusions observed by immunohistochemistry in those cases. We were unsuccessful, however, in detecting ac-tau signal in lysates from a few other tauopathy cases, including PSP. Tissue homogenates lack cellular resolution and the signal can be diluted in cases of low inclusion burden, leading to false-negative results. Immunohistochemical analysis, which offers cellular and subcellular resolution, provides a more sensitive approach and detected acetylated tau in all tauopathies studied here apart from AGD. The nine AGD cases we studied spanned disease stages, and in three, AGD was considered the patient's primary neuropathological diagnosis. AGD is a late-onset 4R tauopathy, first described in the 1980s as a distinctive degenerative disease characterized by argyrophilic grains confined to limbic structures and affecting a subset of patients with adult-onset dementia [4] . AGD's true prevalence remains unknown because there are no distinctive antemortem clinical features that could be used in epidemiological studies. Based on clinicopathological studies, AGD is considered age-related with prevalence varying from 11 to 43 % of subjects over 65 years of age [13, 33] . Neuropathologically, AGD is characterized by argyrophilic and 4R-tau immunoreactive grains in neuronal processes, pre-neurofibrillary tangles and oligodendroglial coiled bodies, and only recently has it been recognized as an independent pathological entity [13] . Pre-neurofibrillary tangles are best recognized within the CA2 sector of the hippocampus and are characterized by a diffuse cytoplasmic tau immunostaining and perinuclear halos. All AGD-related pathomorphologies are readily recognized by phospho-tau antibodies. Biochemically, AGD's tau signature is distinct from AD and Pick's disease, but similar to CBD and PSP [35] . On the other hand, selective alteration of mitochondrial subunits exclusive to AGD has been identified recently, reinforcing the concept that AGD may Only phosphorylated tau immunoreactivity (CP-13) is seen (arrowheads and green fluorescent signal). d-f CA1 sector. Grains are observed only in the section immunostained with CP-13 (ph-tau). gi CA2 sector. AGD is characterized by pre-neurofibrillary tangles with a perinuclear halo as seen in k and m. These pretangles are not acetylated at position 274. The arrowheads show an Alzheimer's disease type neurofibrillary tangle. j-l white matter adjacent to entorhinal cortex. As oppose to corticobasal degeneration and other tauopathies, white matter pathology, including coiled bodies (arrows) are not tau acetylated in AGD. Scale bars 100 lm represent a distinct tauopathy [21] . AGD changes are usually restricted to limbic areas [13] , but in some cases the changes spread beyond this region. In the rare patients in whom AGD reaches frontal and insular regions, behavioral variant frontotemporal dementia is a typical presentation [8, 20] , but up to 30 % of AGD cases are diagnosed in individuals without any cognitive or behavioral impairment [24] . Additionally, AGD is often encountered in patients with long lasting, non-progressive amnestic mild cognitive impairment [23, 30] . AGD is almost always found in combination with mild to moderate AD neurofibrillary pathology and less often with other neurodegenerative diseases. This overlap with AD could be explained by the high prevalence of both diseases in the elderly. On the other hand, this overlap and the benign course associated with AGD could suggest that AGD may serve as a protective mechanism against the spread of AD. While investigating phosphorylation-regulating kinases at specific tau sites in AGD, Ferrer et al. [12] found that AGD inclusions show elevated levels of GSK-3-P. Elevated GSK-3-P has the capacity to inhibit apoptosis in certain experimental models [9] and may prevent abnormal taucontaining cells from dying. Individuals with AD and AGD show milder cognitive deficits [31] and neuronal loss [35] than those with AD alone. On the other hand, conflicting data suggest that AGD lowers the threshold for cognitive deficits in the presence of moderate amounts of AD-type pathology [32, 34] . Whether the absence of tau acetylation in AGD supports a protective or deleterious role remains uncertain, but it does distinguish AGD from other proven pathogenic tauopathies. The mechanisms leading AGD to spread beyond the limbic areas are unknown, and this diffuse AGD form has been proposed as a separate entity from the more usual limbic AGD [28] . In our study, we found that both variants lack tau acetylation, suggesting some degree of shared mechanisms.
In the current study, we identified lack of ac-K274 staining as a key pathological signature that differentiates AGD from other tauopathies. Just as different tau phosphorylation sites are known to affect tau dysfunction differently, acetylation at different lysine sites on tau could lead to different outcomes. Some lysine sites may be acetylated under non-pathological conditions. Whether other acetylysines on tau could also serve as a pathological Fig. 7 Western blot analyses of ac-K274 in brain lysates from brains of patients. Frozen tissues from specific regions of human tauopathy brains were lysed with RIPA buffer containing HDAC and phosphatase inhibitors. Levels of ac-K274 were probed with MAb 359; total tau was probed with Tau-5. Anti-GAPDH was used to ensure that equal amount of protein was loaded (60 lg protein/lane). The lysates were extracted from inferior temporal cortex, unless otherwise specified. AD Alzheimer's disease, AGD argyrophilic grain disease, CBD corticobasal degeneration, CTE chronic traumatic encephalopathy, FTDP-17 frontotemporal dementia with parkinsonism linked to chromosome 17, PSP progressive supranuclear palsy, WMT-GGI white matter tauopathy with globular glial inclusions/globular glial tauopathy. a Insula, b precentral gyrus, c posterior cingulate gyrus signature remains to be determined. Finally, our study design did not allow us to evaluate the timing of tau acetylation at residue 274 compared to tau phosphorylation. Most patients represented late stages of disease, and the majority of inclusions were both acetylated and phosphorylated. A study surveying a broader disease severity spectrum would add important information to this emerging topic. Although the antigen competition assay result supports the specificity of the immunohistochemistry reactions, we cannot fully exclude the possibility that antigen crossreactivity produced positive signals detected by immunohistochemistry but not in Western blot analyses. We suspect that antibodies developed specifically for Western blot analysis would allow us to further confirm tau acetylation in tauopathies showing positive ac-tau immunohistochemistry.
Tau acetylation was observed in all cell types commonly affected by tau hyperphosphorylation. However, axons and distal dendrites were rarely acetylated at position 274, consistent with previous observations on acetylated tau at position 280 [10, 22] . In AD, tau phosphorylation is first observed in axons and distal dendrites [5] and later in neuronal somata. Considering that tau phosphorylation is widely observed in cognitively normal individuals beginning in the second decade of life [5] , we speculate that acetylation may represent a turning point, triggered by phosphorylation and other events in the neuronal somata, that accelerates tau toxicity. This hypothesis may help to explain why AGD is most often associated with a non-progressive medial temporal lobe amnestic syndrome.
Conclusion
Using a novel monoclonal specific antibody for acetylated tau, we demonstrated that tau inclusions in AD and the majority of 3R and 4R tauopathies are acetylated at lysine 274, which is involved in tau microtubule binding. AGD represents the only tauopathy lacking this post-translational modification, supporting it as a distinct tauopathy. Our new data converge with previous findings suggesting that AGD could play a protective role against the spread of AD, a hypothesis for exploration in future studies. Tau acetylation as a key step towards the propagation of tau toxicity deserves further investigation.
